Purpose -The traditional grey relational models directly describe the behavioural characteristics of the systems based on the sample point connections. Few grey relational models can measure the dynamic periodic fluctuation rules of the objects, and most of these models do not have affinities, which results in instabilities of the relational results because of sequence translation. The paper aims to discuss these issues. Design/methodology/approach -Fourier transform functions are used to fit the system behaviour curves, redefine the area difference between the curves and construct a grey relational model based on discrete Fourier transform (DFTGRA). Findings -To verify its validity, feasibility and superiority, DFTGRA is applied to research on the correlation between macroeconomic growth and marine economic growth in China coastal areas. It is proved that DFTGRA has the superior properties of affinity, symmetry, uniqueness, etc., and wide applicability. Originality/value -DFTGRA can not only be applied to equidistant and equal time sequences but also be adopted for non-equidistant and unequal time sequences. DFTGRA can measure both the global relational degree and the dynamic correlation of the variable cyclical fluctuation between sequences.
1. Introduction 1.1 The grey relational degree Grey relational analysis (GRA) is an important branch of grey systems theory and the basis of grey systems analysis, modelling, forecasting and decision making. The basic idea is to determine the relational degree according to the degree of similarity between time series polyline or curve of each factor in the system. The more similar the polylines or curves, the greater is the relational degree between factors and vice versa. Deng (1989) pioneered the theory of grey correlation. Subsequent variations on the original were then proposed by different scholars. These include the grey absolute correlation model (Mei, 1992) , T-type correlation model (Tang, 1995) , B-type correlation model (Wang, 1989) , C-type correlation model (Zhao and Wang, 1999 ) and slope correlation model (Dang et al., 2004) , etc. In recent years, there are still various scholars improving and proposing new model variants based on the original. Zhang et al. (2011) proposed the GRA-AR correlation model that considers absolute and relative differences based on Deng's model. Xie and Liu (2011) proposed the grey geometric correlation model. Liu et al. (2006 Liu et al. ( , 2011 constructed the grey absolute association model and the grey correlation degree of the similarity perspective based on the whole directed area of the broken line enclosed graph. Shi et al. (2008 Shi et al. ( , 2010 constructed grey period correlation degree based on similarity vision and grey amplitude correlation degree. Zhang et al. (2014) proposed a new grey projection correlation model using the vector projection principle. To investigate the trends' similarity of sequence dynamic changes, proposed the grey change rate correlation degree to measure the similarity of the change rate.
By virtue of the sustained promotion of grey theory, it has gradually been extended to three-dimensional space. Zhang and Liu (2010) used panel data in three-dimensional space as application background and proposed the multidimensional correlation degree that extended the grey absolute correlation degree based on matrices. Wu et al. (2013) proposed a novel grey convex relational degree in the context of three-dimensional panel data based on the grey convex relational degree for two-dimensional data and an approximation of the Hessian matrix for discrete sequences. Qian et al. (2013) constructed a grey matrix correlation analysis model which can be used to measure the similarity of multi-index panel data. Liu et al. (2014) used the grid method to describe the geometric characteristics of panel data in three-dimensional space and constructed a grid correlation coefficient, deriving a grey grid relational degree model according to the arithmetic mean. integrated the three-level difference information of deviation, difference and separation to construct an index correlation analysis model. Cui and Liu (2015) expanded the GRA from the traditional vector space to matrix space and proposed a grey matrix similarity relational model for panel data contexts. Wu et al. (2016) constructed similarity and proximity models based on the angle and distance of space vectors, based again on panel data.
In recent years, many scholars had carried on the comprehensive comparison and analysis combining GRA with other methods (Yamaguchi et al., 2007; Zhu and Hipel, 2012; Yang et al., 2014; . In addition, as grey relational theory has matured and been widely used in many fields such as economics, social sciences, industrial applications, agriculture, mining, transportation, education, medicine, ecology, water conservation, geology, aerospace, and so on. Luo et al. (2002) applied grey relational theory to investment decision making and verified the effectiveness of applying grey system theory to uncertain information systems. Despite its complexity, Zhang et al. (2007) established a model of employee performance evaluation based on GRA, improving on shortcomings in existing performance evaluation methods. Chen et al. (2008) introduced an improved GRA method into supply chain risk assessment and established an appropriate evaluation model. Zheng et al. (2014) used B-type absolute correlation to recognise cancerous hepatic cells. Zhu et al. (2014) proposed the assignment strategy of grey entropy correlative fitness value by combining the grey relational degree analysis and the information entropy theory. He applied this method to difference and genetic algorithms to solve the problem of flow shop scheduling. Jiang and Gao (2015) established four grey correlation models between real estate and other industries. Abudukeremu et al. (2015) exploited GRA to evaluate hydrogen evolution performance of eight different non-precious metal alloy cathodes. Pandey and Panda (2015) used GRA to facilitate the optimisation of multiple quality characteristics in bone drilling. Nelabhotla et al. (2016) applied Taguchi-based grey relational analysis (TGRA) to the optimisation of chemical mechanical planarization process-parameters of c-plane gallium-nitride (GaN) in potassium-permanganate/alumina (KMnO 4 /Al 2 O 3 ) slurry. Wang and Dong (2016) tested the GRA theory against a case study of cost optimisation in mining. Dixit et al. (2016) used a grey relational grade method to compare two different rapid prototyping systems based on dimensional performance.
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Macroeconomic growth and marine economic growth
In the twenty-first century, many coastal countries and regions attach great importance to the formulation of marine strategic plans, the marine economic development as an important strategic direction. The USA has formulated the "21st Century Blueprint" and the "US Marine Action Plan" and so on, for the US Government in the next few years to make a comprehensive deployment of the marine development strategies. Canada has also introduced the Canadian Ocean Strategy and the Canadian Ocean Action Plan. Russia has also strengthened the deployment of the marine strategy, developed the "Russian Federation to the 2020 marine policy"; South Korea introduced the "South Korea 21st Century Ocean" national strategy, through the development and use of the ocean, make the better development of marine economy, to be a super ocean country. These countries attach great importance to the development of marine development strategies and marine economic development.
For China, China's "Twelfth Five-Year Plan" developed the marine economy into an economy of national strategic importance. Its "Thirteenth Five-Year Plan" emphasises the expansion of blue economic space, with further development of marine economy, with the objective of increasing the proportional contribution of gross ocean product (GOP) to gross domestic product (GDP). In March 2016, China proposed the "21st Century Maritime Silk Road Construction". In essence, this aims to promote the development of marine economy. According to preliminary accounting, China GOP growth rate increased 8.1 per cent on average. In 2015, China GOP amounted to 6,466.9bn yuan, of which 3,899.1bn yuan was added to marine industries and 2,567.8bn yuan will be added to marine-related industries. Thus, marine economy is becoming a new economic growth engine for China and worthy of increased attention to harness this growth.
Economic growth is an important research topic in macroeconomics. When economic growth is affected by endogenous and exogenous shocks, fluctuations in economic development are difficult to avoid, and such fluctuations tend to have some inherent regularity. The twenty-first century is the era of the ocean. Whether and how the development of marine economy will be influenced by various factors is fluctuating, including whether and how it is consistent with the trends in overall macroeconomic growth. These are questions worth exploring.
At present, there are relatively few studies on the relation between marine economy and macroeconomics, and most of them are limited to the promotion and contribution of marine economy to the national economy. There are also some studies on the relationship between marine economy, marine industries and economy in a certain area. Kildow and Mcllgorm (2010) analysed problems in the development of marine economy and expounded its importance to the development of the wider national economy. Yan (2011) used grey correlation theory to establish a positive correlation between marine industries and economic growth, again for a case study in Zhejiang Province. Karyn et al. analysed the value of the 2007 multi-sectoral marine business activities in Ireland. Fu (2011) analysed coupling and coordination of marine industry agglomeration vis-à-vis the regional economy by applying coupling degree and coupling coordination degree methodologies. Kwaka et al. analysed the impact of marine industries on the national economy using input-output analysis. Karyn and Cathal studied the relation between the Irish marine economy and regional economic development. They argued that the importance of marine development to regional economic development was seriously neglected, despite their results illustrating co-dependencies to the extent that the marine economy could promote the development of the regional economy. Li et al. (2013) used the location quotient to calculate the degree of marine industry agglomeration in Zhejiang Province and analysed the promotion effect of marine industry agglomeration on the regional economy of that area. According to the Granger causality test in a panel data context, Ji and Liu established that the marine industry cluster has a clear and evident effect on China coastal economy while the promotion effect of the coastal economy on the marine industrial cluster was not significant. Qin et al. (2013) used the Yangtze River Economic Belt as a case study, and based on a GRA, they delineated the relation between the watershed economy and the marine economy. Yin et al. (2013) studied the fluctuation characteristics and developmental trends of the total marine economy and the major marine industries. Jiang et al. (2014) used a multi-factor production function model to deduce the contributions of the elements of the marine economy to regional economic growth in China. Zhao and Cao (2014) analysed the external and internal linkage effects of the land and sea industries in Shandong Province using the grey correlation degree methodology, the contribution rate of output value and the industrial fluctuation coefficient. Xu et al. (2014) analysed the impact of Zhejiang's marine economy on regional economic development from 2001 to 2010 and studied the corresponding relation between marine industrial structure change and regional economic growth. Zhang and Xiong (2015) determined that the influence of marine industry structural change on the regional economy of Zhejiang Province became more pronounced when subjected to cointegration analysis and VEC modelling.
Research motivation and content
GRA models reflect more true relational degree between system factors, have different applications in the social economy and production practice. However, there are some shortcomings in traditional grey relational models, such as the GRA models based on areas, when the time series is shifted, the overall shape has not changed but the relational degree has changed, and the property of affinity is absent. Further, the GRA model is based on the size of the area between the broken lines, it can only reflect the close degree of time series to a certain extent and cannot show fluctuation specificities nor truly reflect the characteristics of the sequences. In addition, most existing correlation models only apply for equidistant or equal time sequences with very limited application. To overcome these shortcoming, we, first, propose a grey relational model based on the discrete Fourier transform (DFTGRA), DFTGRA not only applies to non-equal-length or non-equidistant sequences, but also reflects the characteristics of the variable cycle fluctuations, and has an affine property.
Furthermore, it is of great significance to explore the relationship between marine economic growth and macroeconomic growth and their respective fluctuation rules, which make decision makers have a better understanding of the marine economy development. Such explanations can also provide a theoretical basis for future development of both the marine and national economies. But the relation between the marine economy and macro-economy has focussed on a subset of this dynamic system, principally the relation between marine industries and economic growth. There is little research on the relation between the marine economy and economic growth.
Besides, China marine economic development started late, statistics of marine economic data is not standardized, there are some missing data, some relevant data are difficult to obtain, marine economic statistics with typical "limited sample, poor information" features. The traditional correlation analysis methods need a lot of statistical data, the little data are not enough to find the statistical rules; Fortunately, GRA is insensitive to sample size and rules.
In summary, we choose DFTGRA here to study the relation between China marine economy and macroeconomic growth. DFTGRA is applied to the dynamic correlation analysis of marine economy and macroeconomic growth in China coastal provinces, which provides a theoretical and scientific basis for the relevant departments to have a profound understanding of the dynamic relationship between marine economic growth and economic growth. There is a better understanding of marine economy and its relationship to macroeconomics.
In the following sections, this study describes the theoretical basis of the discrete Fourier transform (DFT) and illustrates the deficiencies of the existing relational model. Subsequently, DFTGRA is established and its properties are propounded (Section 2).
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Next, DFTGRA is used to explore the dynamic correlation between marine economy and macroeconomic growth in China coastal provinces. It further reveals the correlation effect of marine economy and regional economic growth in five typical coastal provinces and cities in China, and validates the effectiveness, feasibility and superiority of DFTGRA (Section 3). The study concludes by summarizing significant findings and describing topic areas for future research (Section 4).
2. Grey relational model based on DFT 2.1 DFT model DFT is the effective method of signal analysis, pertaining to time-frequency signal change studies. Here, we extend application of the DFT to a new field, which transforms the discrete time series into a continuous form, that is, a trigonometric function is used to fit the time series to better reflect the fluctuation specificities of the time series, applicable in the context of unbalanced time intervals.
Given a time series:
It will be approximated by F A (t), and the function is composed of a set of trigonometric functions, as follows:
where f k (t) is a trigonometric basis vector, which is a set of orthogonal basis. Like:
where β k is the amplitude, and impacts the trigonometric function of the longitudinal expansion; ω the cycle, and impacts the trigonometric function of the horizontal expansion. Based on the characteristics of small grey samples, and assuming 2K+1 ⩽ n, where n is the sample size. If K ¼ 4, then:
2.2 Regression model solution For time series X ¼ {x(1), …, x(T )}, our goal is to recover regression coefficients ( β 0 , β 1 , β 2 , β 3 , β 4 ). According to the regression model:
sin To cos To sin 2To cos 2To
The matrix form is denoted by X ¼ Aβ.
Using the least squares method, that is, to find β, let:
By the existence of extreme conditions, @ XÀAb ð
2.3 Calculation of the correlation coefficient and the correlation degree For two time series X ¼ {x(1), …, x(T)} and Y ¼ {y(1), …, y(T)}, respectively, conduct regression analysis based on trigonometry by the least squares method to obtain the best fit function:
F A ðtÞ ¼ a 0 þa 1 sin ot þa 2 cos ot þa 3 sin 2ot þa 4 sin 2ot; (4) F B ðtÞ ¼ b 0 þb 1 sin ot þb 2 cos ot þb 3 sin 2ot þb 4 sin 2ot;
where F A (t) and F B (t) are used to express the discrete time series as continuous functions. The sequence information is retained, and the similarity of time series is transformed into the similarity of two continuous functions as shown below. Figure 1 illustrates two random time series. For measuring their similarity, to adhere to the requirements depicted in Figure 2 , we analyse the relational degree after obtaining the fitted curve. In the traditional sense, the measuring similarity of two-dimensional time series mainly considers distances, slopes, areas, and so on. In this study, we redefine a correlation measure based on areas.
The traditional analysis based on the area correlation works as follows (as shown in Figure 2) , we obtain the area difference of graph AGHC and DGHF by integral, as the relational coefficients of the corresponding moment. Next, the relational degree is defined according to the absolute correlation formula. However, the defined relational degree is not affine. That is, to a certain extent, the translation of time series X, graph AGHC area will change (upward translation, the area becomes large; otherwise, becomes small), Y remains constant. Although there is no change in shape, it is simple to transform; the correlation degree will change, possibly substantially. To solve this problem, we define the relational degree based on the area difference between graph ABC and DEF, as follows: Definition 1. Suppose the time series X ¼ {x(1), …, x(T )} and Y ¼ {y(1), …, y(T )}, the time series is fitted to establish F A (t) and F B (t), calculate the areas and minima: S
9 (ΔS i is the corresponding area after eliminating the magnitude, i ¼ 1, 2 …, T−1):
is known as the grey correlation coefficient of time series, X and Y.
Definition 2. Suppose two time series are X ¼ {x(1), …, x(T)} and Y ¼ {y(1), …, y(T)}:
is known as the grey relational degree based on DFT.
Properties of DFTGRA model
Theorem 1. DFTGRA model has the following properties:
(2) Symmetry:
, according to the definition of grey relational degree is clearly established.
(3) Uniqueness: the grey relational degree is determined by two sequences. Once the sequence is determined, the corresponding area difference between the two sequences is also determined, and the grey relational degree is determined.
(4) Comparability: nature (4) is obtained by the nature (3).
Theorem 2. Assume the reference sequence is X ¼ {x(1), …, x(T )}, The relative sequence of the relevant factors is Y i ¼ {y i (1), …, y i (T )} and Y j ¼ { y j (1), …, y j (T )}, the grey correlation degree is ε. If the inequality e XY i 4e XY j holds, we contend (1) Isotonicity; the grey relational order derived from DFTGRA has the property of preserving order, that is
Proof. By property (3), we determine that DFTGRA degree is unique and the theorem is proved. ∎ Theorem 3. For the reference sequence X ¼ {x(1), …, x(T )} and the comparative sequence Y ¼ {y(1), …, y(T)}, after a DFT, we establish the functions F A (t) and F B (t). When F A (t) ¼ F B (t)+C(C is a constant.). If ε(X ), Y ) ¼ 1, the correlation model comprises affinities: it can be said that the two sequences are parallel.
Proof:
; according to formula (6) and (7):
That is, the correlation coefficient ε i and the correlation degree ε are both 1, so the two sequences are parallel, and the DFTGRA model has the property of affinity. ∎ 2.5 The steps based on DFTGRA model
(1) Conduct qualitative analysis on the reference sequence X 0 , and determine the comparative sequence X i .
(2) According to the formulas (1) and (2), set appropriate Fourier transform functions based on the reference and comparative sequences and construct the corresponding regression models.
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(4) According to the reference sequence and the comparative sequence regression functions, use a definite integral, and determine the area difference of each corresponding interval.
(5) According to formulas (6) and (7), calculate the correlation coefficients and correlation degree of both the reference and comparative sequences.
(6) According to the correlation order of reference sequence and comparative sequence, obtain the quantising relations of the correlation degree between the variation trends of these sequences. Finally, analyse and infer relevant conclusions combining the practical situation of study members (Figure 3 ).
Empirical analyses
Economic cycle fluctuations have always been a paramount importance question in macroeconomics. International scholars use GDP or the long-term trend deviation degree to measure macroeconomic fluctuations. The twenty-first century is the century of the ocean, but there are few studies on the fluctuation of the ocean economy, and less on the correlation between marine economy and macroeconomic fluctuations. On the basis of macroeconomic cycle theories, we systematically analyse the evolution rules of marine economic development in China and use GOP to describe the status and trends of marine economic cycle fluctuations. Simultaneously, we analyse the relation between economic and marine economic growth rates with a view to providing a new basis for researching these interactions in China.
Determine reference and compare sequences Set the appropriate Fourier transform function bases Use the least squares method for solving the coefficients Calculate the area difference according to the functions Calculate the correlation coefficients and correlation degree according to formula (6) and (7) Analyse and obtain the conclusion based on the actual situation We select GOP as an aggregate indicator to reflect the level of monetized ocean goods and services. GDP is chosen as an aggregate indicator to reflect the economic status of the national economy. We use the data on these indicators for the following typical coastal provinces: Shanghai, Tianjin, Guangdong, Shandong and Fujian. Further provincial level data are sourced from China Marine Statistical Yearbook, China Statistical Yearbook and Regional Statistical Yearbook. For implementing our methodology, the raw data are processed and growth rates are determined for GDP and GOP across the five provinces, then we use the DFTGRA model to analyse these data as described below. Due to the incomplete statistics, the GOP data of Tianjin in 2015 are lack (Tables I-V ) . According to the DFT, the fitting function is:
f ðtÞ ¼ a 0 þa 1 cos ot þb 1 sin ot þa 2 cos 2ot þb 2 sin 2ot þa 3 cos ot þb 3 sin 3ot:
Using the least squares method, the Fourier transform function coefficients are obtained by MATLAB software (the confidence level is 95%).
Dynamic relational analysis GDP and GOP growth rates in China
Characteristics of marine economy differ by region, resources, space and the land-ocean development model. This gives rise to unique fluctuations in this marine economic context. Further, the marine and land economies have a strong relation in terms of symbiosis and correlation ( Figure 4) . Namely, relative to macroeconomic fluctuations, marine economic fluctuations observe an evident synchronicity. According to this synchronization effect, we research this dynamic relation in recent years, which provides a theoretical basis for the regulation of both the macro-economy and marine economy. According to formula (6) and function (8), we recover the annual correlation coefficients for GDP and GOP growth rates in China.
According to Figures 4 and 5, the dynamic relation between China GDP growth rate and GOP growth rate also testifies to a certain volatility, rather than being wholly deterministic. The correlation degree is at its minimum in 2007, which may be caused by methodological changes about GOP statistics in 2006. To eliminate the impact of statistical variations, we divided the 2003-2015 sample into two time periods. Before 2006, relational fluctuations are relatively large, which indicates that the development of the marine economy is not completely influenced by the macro-economy. In other words, macroeconomic growth does not necessarily wholly drive the growth of the marine economy that is affected by other factors such as national marine regulation policy, marine technology, marine disasters, etc. After 2007, the relational volatility is smaller and there is an overall de-growth trend, which means that the economic downturn has had certain inhibitory effects on the development of the marine economy. Therefore, the development of the macro-economy and its interaction mechanisms with the development of the marine economy is a problem worth studying. China GDP and GOP growth form a dynamic system. With the development of the system and, concomitantly, the change of the data increase, the relational degree is constantly changing. This change reflects system-level developments and it is, therefore, pertinent for decision makers to adjust and control the system effectively, which illustrates the practical significance of this enquiry. In addition, results of the dynamic relational analysis are consistent with the growth trend of both marine economies and macroeconomic, which testifies to the utility of the DFTGRA model.
Dynamic correlation analysis of GDP and GOP growth rates in typical provinces
Coastal areas are heterogeneous with respect to locational advantage, marine economic development, marine economic development strategy, etc. Therefore, the overall vitality of Figure 4. The growth rates of China GDP and GOP the marine economy exhibits regional variation. According to the characteristics of objective economic parameters in the marine economy and cyclic fluctuations in these parameters, we selected five typical provinces and cities: Shanghai, Tianjin, Guangdong, Shandong and Fujian to analyse the relation between GDP and GOP growth rates for comparative analysis.
According to formula (6) and function (8), the correlation coefficients between the annual growth rate of GDP and GOP are calculated for these five typical provinces and cities (Table VI) .
According to Figure 6 , the dynamic relation in Shanghai is stable and maintained at relatively low levels. Similarly, according to This suggests that macroeconomic effects on the marine economy are large and varied. According to the results of the dynamic correlation analysis, there is significant regional variation in terms of the impact of the macro-economy on the marine economy. Therefore, relevant policy interventions by decision-making institutions will be adjusted to local conditions, which makes each region macro-economy and marine economic develop faster and better. In addition, it is concluded that the model results are consistent with empirically derived expectations, proving its effectiveness.
Correlation analysis between GDP and GOP growth rates in typical provinces and cities
According to formula (7), the relational coefficients between the growth rate of GDP and ocean GDP of the five typical provinces and cities are recovered (Table VII) . In order to draw the trend figure, the GOP of Tianjin in 2015 is supplemented by the growth rate average. According to Table VII , ε 2 Wε 3 Wε 5 Wε 4 Wε 1 , that is to say, the relational degree between the growth rate of GDP and GOP in Tianjin is the largest; Guangdong is second, Fujian and Shandong rank third and fourth, respectively, Shanghai is at the minimum.
In Figure 7 , the marine economic development trend of Shanghai is volatile while its macro-economy is smoother. From the analysis of China macro-economy, Shanghai is consistently the pioneer of China economic development, enjoying all kinds of preferential policies and "try first" conditions. As a consequence, these factors promote the Table VII . Relational degree between GDP and GOP growth rates in five provinces macroeconomic development of Shanghai, but at the same time, it affects the stability of Shanghai marine economy development. According to the illustrated trends, the growth rates of GDP and GOP in Shanghai are dissimilar; hence, the correlation degree of Shanghai represents the regional minimum.
In Figure 8 , although Tianjin's marine economic fluctuation is relatively volatile, it is similarities with the macroeconomic trend and, as previously reported, represents the maximum regional correlation. Tianjin, as a municipal city under the central government, has unique history, nature, environment, society, economy and other advantages. However, its marine economic development is still faced with many challenges, such as resources bottleneck, environmental capacity, then arrow hinterland, and many other issues, so its marine economic development is unstable, lack of the power of constantly development. From the macro-level analysis, Tianjin, as a municipal city under the central government, has important policy support from multiple branches of the state marine administration and benefits from a new development on the coast. Since 2005, Tianjin's new coastal area was incorporated into a national development strategy, and being a national key support development district, it has enjoyed even more policy support than the Shanghai free trade zone, significantly boosting the development of marine economy in Tianjin and exerting important influences on marine economic fluctuations.
In Figure 9 , the growth rate of GDP and GOP is broadly the same in Guangdong province, but the volatility is more severe in the marine economy; its relational degree ranks second. Guangdong, as a strong economic province and characterised as an open system, is relatively vulnerable to internal and external factors and the double competition pressures from international and domestic forces. There is no doubt that all these factors compound the fluctuations to the Guangdong marine economy, but the overall macroeconomic impact on marine economy is relatively large. In Figure 10 , the growth rate of GOP is not particularly stable in Shandong province, but the macroeconomic situation is relatively stable. Shandong, as a large ocean province, is rich in marine resources. Marine economic development started early, and the scale of the marine economy reflects this, but marine contribution to the overall economy is still small in proportional terms. Poor management in terms of resources consumption and the marine economic development model significantly affect the viability of the marine economic system. Thus, the correlation is relatively small, only ranking fourth.
In Figure 11 , marine economic fluctuation characteristics in Fujian are relatively apparent. Between 2002 and 2007, marine economic volatility is substantial, while relatively stability is observed outside of this period. Fujian marine economic development started relatively early. Basic conditions and its geographical position are superior although the natural environment of Fujian is relatively fragile. Marine natural disasters occur frequently. The macroeconomic scale is limited. These problems all affect the rapid development of the marine economy. According to observations, the two curves trend, in the middle time, is relatively consistent, but in other years, there are obvious differences, so the relational degree is medium, ranking third.
In summary, the relational analysis results are consistent with actual growth rate movements, which illustrates the effectiveness of the DFTGRA model. But overall, the macroeconomic trend is downward in recent years, which may be caused by the 2007-2009 financial crisis. To a certain extent, this crisis also affected the growth of marine economy, although the specific mechanisms of impact require further study. 
Comparative analysis with traditional grey relational methods
We choose the traditional Deng's correlation model (DGRA) (Deng, 1989) and the slope correlation model (SGRA) (Dang et al., 2004) to compare and analyse the relation between the five typical provinces and cities' macroeconomic and marine economic growth rates and rank them accordingly (Table VIII) . The GOP of Tianjin in 2015 is supplemented by the growth rate average in the DGRA model and SGRA model (Table IX) . According to the ranking results, it can be concluded that the relational degree is different across the GDP and GOP growth rates in the five typical provinces and cities. The similarity of the close perspective is considered in the DGRA model. The proximity of Shanghai and Shandong is comparatively large, as is the correlation. The proximity degree of Fujian and Tianjin rank third and fourth, respectively; Guangdong is close to the extent of the smaller, the smallest relational degree. The SGRA model considers the similarity of the trend perspective. Shandong and Guangdong, especially post-comparison, are similar to the trend, followed by Tianjin and Fujian and then by Shanghai, where the relational degree is smallest, with similarity in this respect being apparent only between 2011 and 2013. Relational degree ranks are therefore different by different perspectives. In terms of DGRA model, the trend similarity cannot be considered. Whereas for SGRA model, the proximity cannot be considered. For the fluctuate sequence, the similarity of the fluctuation degree cannot be well reflected from the perspective of the proximity and the trend similarity, and the DFTGRA model makes up for this deficiency. Different relational models have different applicability, and DFTGRA is more suitable than other models for the relational analysis of sequences exhibiting volatility.
Conclusion and prospect
The traditional GRA model is based on the "limited sample poor information" grey system. By virtue of the little data, the trajectory of the system behaviour approaches the broken line, the error is relatively large; the traditional GRA models do not have the affine property. Therefore, DFTGRA is proposed. According to the fluctuation of time series, the model uses the Fourier transform to obtain the curve which describes the behavioural characteristics of the system. Then, the correlation coefficient is calculated by the newly defined area difference using integration. Next, DFTGRA degree is defined, and the properties and Table IX .
Method-based ranking of regions scopes of application are discussed. DFTGRA solves the shortcomings of existing grey relational degree and overcomes the problem of non-equidistance and unequal time intervals. It also better reflects the fluctuations of the objects. Finally, DFTGRA is applied to the study of the relationship between the growth rate of GDP and GOP in China. Compared with empirical data and the results of other GRA models, which illustrates that the model is valid and feasibility, in addition, it reflects the scope of the model application, and the superiority of the model. In summary, there are significant differences for the driving forces of marine economy and regional economic development in different areas. In some provinces, the marine economy and regional economic development work synergistically and promote each other; some is still relatively small, which should cause the relevant areas to have great focus. They should learn development measures from the high performing coastal provinces and cities, combining with their own marine economic development characteristics and development advantages, facilitate marine economy comprehensive and rapid development, and ultimately contribute to stable long-term growth of macroeconomic and marine economy. DFTGRA requires further improvement in future, and is tested in different domains for more suitable areas and typical systems research, to more fully verify its effectiveness. And we also can be more in-depth study of the fluctuations rule in the cycle, as well as the lag or synchronization relationship between the objects. At the same time, contrast analysis according to different fitting methods (e.g. cubic spline interpolation fitting, Lagrange difference fitting, and so on) should be further explored vis-à-vis their relative advantages and disadvantages.
